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Abstract  
Above a c e r t a i n  c u r r e n t  l e v e l ,  t h e  u s e  o f  a super- 
c o n d u c t i w   r e c t i f i e r  as a c ryogenic   cur ren t   source  
o f f e r s  a d v a n t a g e s  compared to  the  use  o f  a power supply 
a t  room temperature   which  requires   large  current   feed-  
t h r o u g h s   i n t o   t h e   c r y o s t a t .  In some c a s e s , t h e  power oE 
such a r e c t i f i e r  is immaterial, €or  example  if i t  i s  t o  
be  used as a c u r r e n t  s u p p l y  f o r  s h o r t  tes t  samples with 
low inductances. Usually, however, a r e c t i f i e r  is  inten-  
ded to   energize  large  superconduct ing  magnets ,  so t h e  
maximum power a v a i l a b l e  becomes  an  important  parameter 
s i n c e  i t  de te rmines   the   loading  time. One method  of 
i n c r e a s i n g   t h e  power of a r e c t i f i e r  is t o  raise t h e  
ope ra t ing   f r equency .   In   t h i s  r e spec t ,   magne t i ca l ly  
con t ro l l ed   swi t ches   w i th   ve ry   f a s t   swi t ch ing  times are 
p re fe rab le  to  the rma l ly  con t ro l l ed  ones .  
Th i s   pape r   epo r t s  on the  des.ign,as well as t h e  
experimental   resul ts ,oE a magnet ica l ly   swi tched   fu l l -  
wave s u p e r c o n d u c t i n g   r e c t i f i e r .  Once t h i s  r e c t i f i e r  i s  
brought t o  i t s  design  f requency  of  5 Hz, the   average  
power d e l i v e r e d  t o  t h e  c r y o g e n i c  l o a d  w i l l  be 500 W. 
I n t r o d u c t i o n  
In t h e   p a s t  few years ,   evera l   superconduct ing  
r e c t i f i e r s  were b u i l t  and t e s t e d  a t  the   Un ive r s i ty   o f  
Twente ( r e f e r e n c e s  I, 2 and 3 ) .  They  performed  very 
well and demonst ra ted   tha t   superconduct ing   co i l s   for  
9 and 25 kA can  be  energized  with  an  eff ic iency 
exceeding 36 %. However, the   opera t ing   f requency  was 
l i m i t e d   t o  below 0.1 Hz due   t o   t he   app l i ca t ion   o f  
t he rma l ly  con t ro l l ed  swi t ches  wi th  l a rge  ac t iva t ion  and 
recovery times. An a l t e r n a t i v e  was presented  in  Ref .  4 ,  
a m a g n e t i c a l l y   c o n t r o l l e d   s w i t c h   t h a t  was s u c c e s s f u l l y  
t e s t e d  up t o  25 Rz. Similar  magnet ic  switches were used 
i n   t h e  500 W ,  1 kA r e c t i f i e r   d e s c r i b e d   h e r e .   F o r   t h i s  
r e c t i f i e r   t h e  o p e r a t i n g   f r e q u e n c y  is s u b s t a n t i a l l y  
higher   than 0.1 Hz and i t  is in  f ac t  no t  de t e rmined  by 
the  cryogenic   par t   of  the  system  but   merely by t h e  
power of  the  room-temperature  supplies  used  to drive 
the primary of the  t ransformer  and t h e  c o n t r o l  c o i l s  o f  
t he  swi t ches .  
The p r i n c i p l e  of a Pull-wave  superconducting 
r e c t i f i e r  wl.th  inductive  commutation  of  the  secondary 
c u r r e n t  is  explained i? f i g u r e  1. A primary  current  
with  an  amplitude of Ip w i l l  genera te  a secondary 
cu r ren t   h rough   t he   l oad   t ha t  w i l l  i n c r e a s e  step-wise 
t o  a maximum Inax . Each  alf   period  of  the  primary 
waveform is made up  of f o u r  parts: 
pumping p a r t ,  where a pr imary  cur ren t  s tep  causes  an  
increase  of  the  secondary  cur ren t .  
d e l a y  time, where  the  pr imary  current  is c o n s t a n t ,  
a l lowing  one  of  the  swi tches  to  be  c losed .  
commutation  part,  where a pr imary   cur ren t   s tep  
causes   t he   cu r ren t   i n  one   ha l f   o f  t he   s econda ry  
c i r c u i t  t o  be  t r ans fe r r ed  to  the  o the r  ha l f .  
d e l a y  time, a l lowing   one   o f   the   swi tches   to   be  
c losed .  
By r eve r s ing   t he   s quence   o f   t he   con t ro l   s igna l s ,  
pumping down, i.e. dec reas ing   t he   l oad   cu r ren t  i s  a l s o  
possible.   The  magnitude  of  thec mmutation  step 
obviously  depends on the  mo~nentary  secondary  current  
which  must t he re fo re   be   measu red   i n   o rde r   t o   gene ra t e  
the  co r rec t  p r imary  cu r ren t .  Fo r  a d e t a l l e d  t h e o r e t i c a l  
t reatment  oE superconducting rectiEiers t h e   r e a d e r  is  
r e f e r r e d   t o  Kef. 1. Here we c o n f i n e   o u r s e l v e s   t o   t h e  
mean power of a r ec t i f i e r  wi th  cons tan t  f requency  : 
primary and secondary t ransformer inductance.  
coupl ing  cons tan t  of  the  t ransformer .  
o p e r a t i n g  f r e q u e n c y  o f  t h e  r e c t i f i e r .  
l o a d  c u r r e n t  a f t e r  a coapl .e ted loading cycle .  
control I t rans I 
electronics ’ former I switches 
f protection f load 
diodes coil 
Fig.  1 a )  C i r c u i t  o f  t h e  r e c t i f i e r  s y s t e m .  
b) Transformer primary current.  
c )  C u r r e n t  i n  c o n t r o l  c o i l  1. 
d )  C u r r e n t  i n  c o n t r o l  c o i l  2. 
e) Current  through the load.  Manuscript  received  September 30, 1986. 
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The f a c t o r  d reaches a maximum of 1 . 6  when the 
cur ren t   h rough  the  magnet is inc reased   t o  7 l . 5  % of 
I,,,at. For a given primary energy of the transformer the 
mean power can  only be  increased  by improving  the 
coupl ing  constant  of the   t ransEormer  or  by r a i s i n g  t h e  
frequency. 
An e x p e r i m e n t a l  r e c t i f i e r  
In order   to   demonstrate   the feasibility of  high- 
f requency  magnet lcal ly   switched  rect i f iers ,we  designed 
an  experimental  model,  of  which  the  construction was 
completed a  few  months  ago.  Design  parameters  for  this 
r e c t i f i e r  were  a  primary  and  secondary  current of 30 A 
and 1000 A r e s p e c t i v e l y ,  an operat ing  f requency of 
about 5 Hz, an  average power  of 500 W. The c ryogenic  
pa r t  of t h e   r e c t i f i e r ,  mounted i n  a 0.27 m diameter 
c r y o s t a t ,  Cs shown i n   f i g u r e  2. Subsequently, some 
a s p e c t s  o f  t h i s  p a r t i c u l a r  r e c t i f i e r  w i l l  be d iscussed .  
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Fig. 2 Cross-sect ional   view of t h e  r e c t i f i e r  
mounted in  a 0.27 m d iameter  c ryos ta t .  
The swi tches  
The magnetic  switches  consist  of a swLtching 
element  placed  between  an  inner and o u t e r  c o n t r o l  c o i l  
having opposite windings.  With t h i s  geometry a  combina- 
t i o n  of a homogeneous f i e ld  a t  t he  swi t ch  e l emen t  and  a 
c o n t r o l  c o i l  w i t h  low se l f - inductance  is obta ined .  The 
sw€tch  elements are made  of 24 p a r a l l e l   s t r a n d s  of 
mul t i f i l amentary   wi re   wi th  a second c r i t i c a l   f i e l d  of 
0.8 T (MCA, Nbl%Zr/CuNi, 0.3 mm d i a . ,  574 f i l amen t s ) .  
Pa r t  of  our  invest igat ions is t o  compare switch 1 and 2 
which d i f f e r   i n   t he   a r r angemen t  of t hese  24 s t r a n d s  
( s e e   f i g u r e  3 ) .  In t h e  f i rs t  switch 48 s t r a n d s  were 
wound a s  a f l a t  c a b l e  i n  s e v e r a l  l a y e r s .  F o r  t h e  s e c o n l  
switch 24 s t r a n d s  w e r e  f i r s t  c a b l e d  and then two cab le s  
were simultaneously wound.  The d i r e c t i o n s  of t r a n s p o r t  
cur ren t  . ind ica ted  in  f igure  3 show how t h e  s t r a n d s  were 
connected afterwards i n  o r d e r  t o  o b t a i n  a non-inductive 
switch  elelnent. A non-inductlve  arrangement is 
necessary   in   o rder   to   min imize   the   se l f - f ie ld  of t h e  
switch element and so avoiding a se r ious  deg rada t ion  of 
t h e  maximum cur ren t .  
An obvious  advantage of swi tch  1 is  the   h igher  
f i l l i ng   f ac to r   o f   supe rconduc to r  which r e s u l t s  in a 
l a rge r   e s i s t ance   i n   t he   no rma l   s t a t e   w i th  a smal le r  
swi tch ing  volume ( s e e  t a b l e  1). 
Table 1 Switch  parameters. 
. ~ f i  
switch 1 switch 2 
switch volume [ l i t r e s ]  
open-s ta te  res i s tance  
open-s ta te  cont ro l  cur ren t  
Both  switches and t h e i r  c o n t r o l  c o i l s  a r e  p r o v i d e d  
wi th   hea t   d ra ins  i n  order  tominimize  t mperature 
rises. P a r t i c u l a r l y   d u r i n g   t h e  pumping s t age ,  when t h e  
c o n t r o l  c o i l  is energized and t h e  momentary d i s s i p a t i o n  
in   the  switch  e lement   can be as   high  as  50 W, i t  is 
Lmportant  that   the  control  coil   remains  superconduc- 
t ing.   Furthermore,   the   switch  e lement   i tself  must not 
heat up o therwise  a combination of thermal and magnetic 
switching would occur.  
1 
2L strands + 
2L strands - -......- 
I 
I 
I 
2L strands + 
24 strands - I 
2 dummy  cores 
LOAD COIL I 
I 
6 strands + I 
1 dummy  core 
I 
2L strands + 
1 dummy  core 
Fig.  3 Conductor  geometries in t he   swi t ches ,  
l o a d  c o i l  and transformer.  
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The l o a d  c o i l  
The l o a d  c o i l  i s  wet-wound wi th  a s ix-s t rand cable  
on a s t a i n l e s s  steel co i l  fo rmer  using.STYCAST 2850 FT 
r e s i n .  A maximum c o i l   c u r r e n t   o f  1200 A is expected 
f rom previous  c r t t i ca l  cur ren t  measurements  on a s i n g l e  
s t r and  (MCA, NbTi/Cu,  0.686 mm d i a . ,  2070 f i l amen t s ) .  
A t  t h e  d e s i g n  c u r r e n t  of 1 kA t he  so l eno id  gene ra t e s  a 
f i e l d  of  4.5 tesla cor responding  to  a stored  energy  of 
6.75 kJ .  In t h e  5 cm bore and over a length of 6 cm we 
ob ta in  a test-volume o l  1 X homogeneity. 
The p o s i t i o n s  of t h e   r e c t i f i e r  components a r e  
chosen in such a way t h a t  t h e  s t r a y  f i e l d  of  the  load 
c o i l  at  the   swi tches  i s  less than  20 mT so t h a t  
magne t i c  sh i e ld ing  o f  t he  swi t ches  is not necessary., 
The t ransformer  
The t ransformer  i s  of   the   to ro ida l   a i r -core   type .  
Th i s   t o ro ida l   shape   avo ids  a s t r a y   f i e l d  from t h e  
t ransformer  and  magnet ic  coupl ing  wi th  a l l  o ther  co i l s  
i n  t h e  r e c t i f i e r .  A s  a consequence, a compact construc- 
t i o n  was poss ib l e .  The t ransformer  could be  mounted 
c l o s e   t o   t h e   l o a d   c o i l   w i t h o u t   s p o i l i n g  its f i e l d  
homogenei ty   o r   l ead ing   toexcess ive   mutua l   forces .  
Furthermore,   the  operation  of  the  switches  which are 
n o t   s h i e l d e d   f o r   e x t e r n a l   f i e l d s  is  not   inf luenced  by 
the presence of  the t ransformer.  
Seve ra l   d i sadvan tages   o f   t h ro ida l   shape  
compared t o  a so lenoid  were t aken   fo r   g ran ted :   a )   t he  
f a b r i c a t t o n  is more d i f f i c u l t ;  b) i t  t akes  2 t o  3 ttmes 
more superconducting wire t o  o b t a i n  a comparable  self-  
i n d u c t a n c e ;   c )   t h e   e x t r a  amount  of superconductor 
impl ies   l a rger   a .c .   losses ;   d )   cool ing  is bad, 
e s p e c i a l l y  at  t h e  i n n e r  s i d e  o f  t h e  t o r o i d .  The la t ter  
two problems  were  partly  overcome  by realizing  the 
primary  inductance  of  0.2 H wi th  a r e l a t i v e l y   l a r g e  
t ransformer  volume  and  few  indings,   resul t ing  in  a 
l a rge   coo l ing   su r f ace  and  moderate  magnetic  field. 
C a l c u l a t i o n s  f o r  t h i s  0.25 m diameter  transformer show 
a temperature rise l e s s  t h a n  1 K i f  t h e  d i s s i p a t e d  h e a t  
d u e   t o  a.c. l o s s e s  at  5 Hz is conducted  to   the  hel ium 
ba th   rough  t e  STYCAST impregnant   and  he  coi l  
windings without using heat-drains.  
The secondary  windings  are  located  between two 
sec t ions   o f   p r imary   windings   in   o rder   to   ge t  a  good 
coupl ing constant  ( >97.5 X ) .  The primary and secondary 
inductances  a re  0.2 H and  280 pH respec t ive ly .  In both 
t r ans fo rmer   and   con t ro l   co i l s   t he  same conductor was 
appl ied  ( MCA, NbTi/CuNi,  0.3 mm d ia . ,  575 f i l amen t s ) .  
E f f i c i ency  
The o v e r a l l   e f f i c i e n c y   o f   t h er e c t i f t e r  is 
def ined  as 
WL 
W L  + WL, , 
where WL is the  ene rgy  de l tve red  to  the  load  magnet  and 
W L ~ ~ ~  is  the  ene rgy  d i s s ipa t ed  in the cryogenic environ- 
ment w i th   excep t ion   o f   t he   d i s s ipa t ion  in t h e  magnet 
i t s e l f   ( i n   o u r   c a s e   t h e   l a t t e r  is less than  0.2 % 
anyway).  The f r a c t i o n  W L O ~ S  t h a t  is d i s s i p a t e d  in t h e  
c ryos t a t   can  be   d iv ided   in to  two main con t r ibu t ions .  
F i r s t   t h e   f i l a m e n t   h y s t e r e s i s  loss in a l l  supercon- 
d u c t i n g   p a r t s   o f   t h e   r e c t i f i e r .   T h i s   c o n t r i b u t i o n  is 
independant   o f  he   rec t i f ie r   f requency  when hea t ing  
e f f e c t s  i n  t h e  s u p e r c o n d u c t o r  a n d  t h e i r  i n f l u e n c e  on Jc 
a re  d t s r ega rded .  Based on t h e  r e s u l t s  of  previous short  
sample   m asurements ,   thehys te res i s   lo s   inthe
r e c t i f t e r  was es t ima ted   ( t ab le   2 ) .  With a primary 
amplitude  of  30 A i t  t akes  53  pe r iods  to  ob ta in  1000 A 
i n   t h e  magnet. In t h a t  case t h e   h y s t e r e s i s   l o s s  i s  
about 2.5 X of  the  ene rgy  in  the  magne t .  
Table 2 H y s t e r e s i s   l o s s   c o n t r t b u t i o n   f o r  I = 30 A. 
two switch elements  1.9 J / p e r i o d  
two c o n t r o l  f i e l d  c o i l s  
0.35 J /per iod t ransformer secondary windings 
0.35 J / p e r i o d  transformer primary windings 
0.9 J / p e r t o d  
The second  contr tbut ion is ohmic d i s s i p a t i o n   i n  
the   swi tch   e lements   dur ing   the  pumping s t age .   Th i s  
cont r fbut ion   increases   l inear ly   wi th   the   f requency   of  
t h e   r e c t i f i e r  and  furthermore it depends  on  the  frac- 
t i o n  of time of   each  per iod  that  is  a c t u a l l y   u s e d   f o r  
t h e  pumping s t e p .   T h e r e f o r e ,   t h e   f f t c t e n c y  is a l s o  
c l o s e l y   r e l a t e d   t o   t h e  mean  power of t h e   r e c t i f i e r .  
Suppose f o r  example t h a t   h e  magnet is loaded  up  to 
1000 A wi th  a constant frequency of 5 Hz and t h a t  35 X 
of  each  period i s  used   for  pumping.  Then, t h e  mean 
power exceeds  500 W whi le  the  ohmic l o s s  is 4 % of  the 
magnet energy. Some a d d i t i o n a l   l o s s e s   s u c h  as eddy 
c u r r e n t   d i s s i p a t i o n   i n   s u p e r c o n d u c t o r s   o r   c o n s t r u c t i o n  
m a t e r i a l s  are n e g l i g i b l y   s m a l l .  So, depending on 
frequency and p r imary  s igna l ,  t he  ove ra l l  e f f i c i ency  o f  
t h e  r e c t i f t e r  v a r i e s  from  93.5 t o  97.5 X 
Cont ro l  e l ec t ron ic s  
A c o r r e c t   o p e r a t i o n   o f   t h e   r c t i f i e r   c a n   b e  
obtained with var ious shapes of  the pr imary current .  In  
the   p re l imina ry  tests u n t i l  now a pr imary   s igna l  was 
used  with  constant time i n t e r v a l s   f o r   t h e  pumping 
s tage,   the   commutat ion  s tage and the   ac t iva t ion / recov-  
ery of  the swttches.  A t  t h i s  moment a r e c t i f i e r  c o n t r o l  
un i t  is under   cons t ruc t ion   which   genera tes  a cons t an t  
pr imary  vol tage and t h e r e f o r e  a c o n s t a n t   c u r r e n t   r a t e  
during.  the  commutation  and pumping s t age .  Thi.6 choice  
a l lows   fo r  a combination of h igh   e f f ic iency   and   h igh  
average power. It a l s o  means t h a t   i n   g e n e r a l   t h e  
frequency is not   constant   because  the time i n t e r v a l s  
needed f o r  pumping and  conmutatLon  depend on t h e  a c t u a l  
load  cur ren t .  
Another  point is t h e  power supply  needed t o  d r i v e  
t h e   c o n t r o l   c o i l s  and the   t ransformer .   S ince   the  
con t ro l   co i l s   a r e   neve r   open   s imul t aneous ly  i t  is 
p o s s i b l e   t o   u s e  a s i n g l e  power supply   for   bo th  
switches.  This  is a 40 A,  250 V ampl i f ie r  wi th  unipolar  
c u r r e n t  and b i p o l a r   v o l t a g e   e s p e c i a l l y   s u i t e d   f o r  
induct ive   loads .  A similar ampl i f i e r   w i th   b ipo la r  
current ,  which is now being developed, w i l l  be used for 
the pr imary of the t ransformer.  
Completion of the above-mentioned electronics w i l l  
enable  a r e c t i f i e r  f r e q u e n c y  o f  5 Hz. 
P ro tec t ion  
The conductors must be   p ro t ec t ed   aga ins t  damage 
d u e  t o  e x c e s s i v e  h e a t i n g  a f t e r  a quench anywhere i n  t h e  
superconducting system. 
F o r   b o t h   c o n t r o l   c o i l s  and the  pr imary  of  the 
t r a n s f o r m e r   t h i s   p r o t e c t i o n  i s  achieved  by means of 
quench  detectors   which  measure  the  res is t ive  component  
of  the  supply  vol tage .  I f  i t  exceeds a c e r t a t n  l e v e l ,  a 
quench is assumed  and t h e   c u r r e n t   o f   t h e   c o i l  in 
ques t ion  is switched off  as quick ly  as poss ib l e .  
The  secondary  c i rcui t  is p r o t e c t e d   a g a i n s t  a dump 
of t he   l oad   co i l   ene rgy  by  means  of  diodes  connected 
ac ross   t he   l oad   co i l   t e rmina l s . ’  More than  98 X of 
t h i s   e n e r g y  is d i s s i p a t e d  in the   d iodes   above   the  
he l ium  leve l  when a quench  occurs i n   t h e   s e c o n d a r y  
c i r c u i t   w h i l e   t h e  magnet  remains  superconducting. On 
the o t h e r  h a n d , .  i f  t h e  magnet  quenches, a l l  t h e  e n e r g y  
is d i s s i p a t e d  in t h e  magnet i t s e l f .  In t h e  l a t t e r  case 
a c o i l   c u r r e n t  of 1 kA will decay  within 1 s corres -  
ponding t o  a maximum temperature rise less than  100 K. 
Both types  of  a secondary  quench  were  forced  several  
times at  a magnet cu r ren t   o f  1 kA and were found 
c o m p l e t e l y  s a f e  t o  t h e  r e c t i f i e r .  
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Both  switches were t e s t e d  i n  the  secondary 
r e c t i f i e r   c i r c u i t   w i t h  a s h o r t - c i r c u i t  as a load. By 
opening switch 1 t h e  maximam cur ren t  o f  swi t ch  2 can be 
measured  anvice  versa.   These  xperiments are 
summarized in   E igu re  4 f o r  a s inusoida l   secondary  
c u r r e n t .  I t  should be mentioned that  the cool ing o €  t h e  
t ransformer  is bad  compared t o   t h e   c o o l i n g  oE t he  
switch  e lements  S O  above a c e r t a i n  f r e q u e n c y  we expect 
t h e  maximum secondary   cur ren t   to   be  l imi ted   by   the  
t ransformer .   F igure  4 and previous  measurements on t h e  
t r a n s f o r m e r  i n d i c a t e  t h a t  t h i s  o c c u r s  a t  5 Hz. 
Depending  on t h e   s u p p l y   v o l t a g e   f o r   t h e   c o n t r o l  
co i l s ,  we measured  switch-on  and  switch-off times 
between 25 and 100 m s .  
The  comple ted  rec t i f ie r  was t e s t e d  f o r  s e v e r a l  va- 
l u e s  of primary  ampli tude,   load  current  and frequency. 
The   recorded   load   cur ren ts   for  pumping up and down f i t  
t h e  t h e o r e t i c a l  c u r v e s  w i t h i n  2 %. Figure  5 f o r  example 
shows the  p r imary  cu r ren t  and l o a d  c u r r e n t  f o r  a run a t  
1.1 Hz and  60 W mean power. A t  700 A a commutation 
e r ro r   ccu r s   caus ing  a secundary  quench.  Within 3 
seconds  98 % of   the  load  energy i s  d i s s i p a t e d   i n   t h e  
protect ion  diodes.   For   reasons  ment ioned  before   the 
maximum €requency is  l i m i t e d  t o  2 Hz f o r  t h e  p r e s e n t .  
During  the tests, two t y p e s   o f   f a i l u r e s  were 
encoun te red .   F i r s t ,  some quenches   o f   t he   con t ro l   co i l s  
occured  ue  to  a low  helium  level.  A s econd   f a i lu re  
occur s   i f   t he   magn i tude  of t h e  commutation s t e p  i s  not  
co r rec t .  Then ,  t he  r ema in ing  cu r ren t  i n  one  ha l f  o f  t he  
s e c o n d a r y  c i r c u i t  w i l l  be  commutated r e s i s t i v e l y  t o  t h e  
o t h e r  h a l f  a f t e r  t h e  s w i t c h  is  opened. The cu r ren t  ra te  
involved  with a too   la rge   commuta t ion   e r ror   causes  a 
quench i n  t h e  s e c o n d a r y  c i r c u i t .  
Conclusions 
P re l imina ry  tests o f   t h e  new magnet ica l ly  con- 
t r o l l e d   s u p e r c o n d u c t i n g   r e c t i F i e r  were successEu1. 
AEter s e p a r a t e  tests of t he   componen t s ,   t he   r ec t i f i e r  
was assembled  and  used  tocharge a I. 'k4, 6.75  kJ
magnet. The r e c t i f i e r  r e l i a b l y  e n e r g i z e s  t h i s  magnet up 
t o  1 kA and is fu r the rmore   €u l ly   p ro t ec t ed   aga ins t  
damage a f t e r  a quench  anywhere i n  t h e  s y s t e m .  The next 
s t e p  i n  o u r  e x p e r i m e n t s  c o n c e r n s  r a i s i n g  t h e  mean power 
of t h e   r e c t i € i e r   t o  500 W by inc reas ing   t he   ope ra t ing  
frequency from 2 Hz t o  5 Hz. 
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Fig. 4 Maximum s i n u s o i d a l   c u r r e n t   i n   b o t h   a l v e s  o f  
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Fig. 5 Pr imary   cur ren t  and load   cu r ren t   r eco rded   i n  
a run  at 1.1 Hz and a mean power of 60 W. 
